Reactive oxygen species (ROS) and caspases have been implicated as potential mediators of cell death. However, their mechanistic relationship remains to be elucidated. Here we investigated the roles of caspases in apoptosis and necrosis induced by ROS, generated by the mixture of xanthine and xanthine oxidase (X/XO). A low concentration of XO (0.025 U/ml) induced DNA fragmentation with little cellular membrane damage 3 h after treatment, suggesting the induction of apoptosis. The same treatment induced membrane blebbing, a morphological change typical of apoptosis, 15 min after treatment. A high concentration of XO (0.1 U/ml) damaged cell membranes with little concomitance of DNA fragmention, suggesting the induction of necrosis. ROS also activated caspase 3-like proteases and caspase 3 itself together with the release of cytochrome c which might be the cause of caspase activation. Apoptosis induced by low concentrations of XO and necrosis induced by high concentrations of XO was inhibited by Z-DEVD-CH 2 F, an irreversible inhibitor of caspase 3. However, rapid induction of membrane blebbing was not inhibited by Z-DEVD-CH 2 F. These results suggest that both apoptosis and necrosis could be induced by ROS through the activation of caspase 3-like protease; however, caspase 3 activation is not needed for ROSinduced membrane blebbing.
Introduction
Apoptosis and necrosis are two distinct modes of cell death. Apoptosis occurs during embryonic development, is required for tissue homeostasis (Cohen, 1993) , and is characterized as cellular changes exhibited by`actively' dying cells. These changes include cell shrinkage, membrane blebbing, chromatin condensation and fragmentation of DNA before membrane damage (Wyllie, 1980) . In contrast, necrosis is characterized by electron-lucent cytoplasm and loss of plasma membrane integrity without severe damage to nuclei.
Although all of the apoptotic changes mentioned above are recognized as markers of apoptosis, the similarities or dierences of the mechanisms to induce these changes have not been well characterized. Cells in tissue culture can be induced to undergo apoptosis in a variety of ways, including treatment with TNF and anti-Fas, withdrawal of growth factor, treatment of T-lymphocyte cell lines with glucocorticoids, treatment with DNA-damaging reagent such as etoposide, or exposure to ionizing reagents (McConkey et al., 1994) . The discovery of a family of cysteine proteases closely related to Ced-3 has greatly increased the understanding of apoptosis. (Ellis and Horvitz, 1986) . Overexpression of these proteases, such as caspases 1 ± 4, 6 ± 8 and 10, can induce apoptosis (Martin and Green, 1995) . Following cleavage of the pro-enzyme, the caspases will be activated. However, it is not completely clear which caspases are involved in apoptosis induction. Furthermore the sequences of the caspase family protease activation in apoptosis signaling (Chinnaiyan et al., 1996) remain unclear. Puri®cation of active protease in apoptotic cells revealed that caspase 3 has emerged as one of the key proteases in spontaneous (Nicholson et al., 1995) , anti-Fas- (Schlegel et al., 1996) , and staurosporine-mediated apoptosis (Jacobsen et al., 1996) . Furthermore, the involvement of caspases in necrotic cell death was also demonstrated (Shimizu et al., 1996) .
ROS is also a key molecule in cell death induction. In certain conditions, macrophages and neutrophils can generate high levels of ROS to kill neighboring cells (Cross and Jones, 1991) . High concentrations of ROS generated by macrophages and neutrophils serve primarily to kill parasites in the organisms. Previously, ROS had been considered to induce cell death by damaging the cell membrane by lipid peroxidation which may lead to necrosis. However, other mechanisms have been proposed (Rubin and Farber, 1984) .
The role of ROS as intermediates for apoptosis signaling was demonstrated by the following four observations: (1) Anti-oxidants could inhibit a certain apoptosis (Chang et al., 1992; Malorni et al., 1993; Matsuda et al., 1991; Mayer and Noble, 1994) ; (2) generation of hydrogen peroxide was detected in the cells undergoing apoptosis (Larrick and Wright, 1990; Matthews et al., 1987) ; (3) extracellular addition of ROS can induce apoptosis (Lennon et al., 1991) and (4) downregulation of intracellular anti-oxidant level can induce apoptosis (Hockenbery et al., 1990) . The involvement of ROS in apoptosis is also supported by the observation that manganese superoxide dismutase (MnSOD), which inactivates mitochondrial superoxide anion that has leaked from the electron transport chain, abrogates TNF-and radiation-induced apoptosis (Wong, 1995 (Wong, , 1989 .
Higher concentrations of ROS can induce necrosis, whereas lower concentrations can induce apoptosis in the same cell type (Lennon et al., 1991) . Regarding the signals leading to apoptosis and necrosis, several investigators have shown that the same signal which can induce apoptosis can also induce necrosis under certain conditions (Eguchi et al., 1997; Leist et al., 1997; Palomba et al., 1996) . However, the precise mechanistic dierences between the induction of apoptosis and necrosis remain to be elucidated.
To investigate mechanisms in ROS induced cell death, we treated human myelogenous leukemia ML1a cells with ROS generated by X/XO. We demonstrated that lower concentrations of XO induced apoptosis, whereas higher concentrations of XO induced necrosis. We also examined the role of caspase 3 in ROS-induced apoptosis and necrosis. Furthermore, the role of caspases on the induction of membrane blebbing, another apoptosis marker, was also investigated.
Results

Dierential induction of apoptosis and necrosis by ROS
To examine the roles of ROS in cell death induction, we treated human myelogenous leukemia ML-1a cells with X/XO as a donor of ROS for 4 h, and assayed for DNA fragmentation and cytolysis. The DNA fragmentation assay (Higuchi et al., 1995) is used to quantitate apoptotic cell death. Cytolysis estimated by the trypan blue method is used to quantitate necrotic cell death, since the cell membrane is damaged before the nucleus is aected under necrotic conditions. X/ XO induced DNA fragmentation in a dose dependent fashion up to 0.025 U/ml. However, inhibition of DNA fragmentation was observed in the higher concentrations (0.025 ± 0.1 U/ml) of XO, where dose dependent induction of cytolytic activity was observed (Figure 1 ). The generation of hydrogen peroxide by 0.025 U/ml and 0.1 U/ml XO in the presence of 200 mM xanthine were also determined (67+1 mM and 624+2 mM respectively). We then tested for a 4610 4 ) were incubated with 200 mM xanthine and 0.1 U/ml xanthine oxidase or 200 mM xanthine and 0.025 U/ml xanthine oxidase respectively for indicated times and tested for cytolysis and DNA fragmentation as described under Materials and methods time dependent induction of DNA fragmentation and cytolysis by 0.025 U/ml and 0.1 U/ml XO in the presence of xanthine (Figure 2 ). 0.025 U/ml XO induced DNA fragmentation with little membrane damage, suggesting the induction of apoptosis. On the contrary, 0.1 U/ml xanthine oxidase showed high cytolytic activity with little DNA fragmentation, suggesting the induction of necrosis.
To con®rm that a high concentration of XO induced necrosis and a low concentration of XO induced apoptosis, cells were incubated with 0.025 and 0.1 U/ml of XO in the presence of xanthine for 6 h, and stained by Hoechst 33342 and propidium iodide. Hoechst 33342 penetrates the cellular membrane and stains all nuclei blue. We could detect the condensation of nuclei in apoptotic cells by this method. Propidium iodide stained the nuclei pink only in the cells whose cell membrane is damaged (necrosis). 0.025 U/ml XO induced condensed and fragmented nuclei with no cell membrane damage ( The requirement of new protein synthesis in apoptosis was ®rst described by Cohen and Duke, (1984) . In contrast, the induction of apoptosis can be inhibited by newly synthesized proteins in certain systems (Kull and Cuatrecasas, 1981) . To investigate the role of newly synthesized proteins in ROS-induced apoptosis, we tested the eect of cycloheximide, an inhibitor of protein synthesis, on X/XO-induced DNA fragmentation. DNA fragmentation induced by 0.025 U/ml XO was minimally aected by cycloheximide ( Figure 4 ). Cycloheximide at this concentration inhibited more than 90% of protein synthesis detected by [ 3 H]-leucine incorporation and also augmented TNF-induced apoptosis (data not shown). These results indicate that newly synthesized proteins are not required and could not inhibit X/XO-induced apoptosis.
Involvement of caspase 3-like protease in ROS-induced apoptosis and necrosis
Both the generation of ROS and the activation of caspases are known to be involved in apoptosis. We Figure 3 Induction of apoptosis and necrosis by dierent concentration of xanthine oxidase. ML-1a cells were incubated with or without 0.025 or 0.1 U/ml xanthine oxidase and 200 mM xanthine for 6 h, stained by propidium iodide and Hoechst 33342 and investigated visually by¯uorescent microscopy as described under Materials and methods ) were incubated with 200 mM xanthine and the indicated amount of xanthine oxidase in the presence or absence of 1 mg/ml cycloheximide (+CHX) for 4 h and tested for DNA fragmentation as described under Materials and methods tested whether X/XO can activate caspases. Within 1 h after X/XO treatment, an increase in caspase 3-like protease activity was detected by¯uorogeneic assay using acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin as a substrate and reached a plateau at 2 h ( Figure  5 ). There was no increase in caspase 1-like protease activity as detected by acetyl-Tyr-Val-Ala-Asp-aminomethylcoumarin 1 ± 3 h after X/XO addition ( Figure  5 ). Enari et al. have reported rapid activation and immediate downregulation of ICE-like proteases by anti-Fas treatment (Enari et al., 1995) . We therefore tested the eect of X/XO on the induction of caspase 1-like protease 1 ± 5 min after addition, but did not observe any induction (data not shown). These results indicate that, in the caspase family, the proteases with speci®city similar to caspase 3, but not with caspase 1, were activated by X/XO. In addition, we showed that X/XO activated caspase 3 itself by Western blotting analysis (Figure 6b ). The dose response of xanthine oxidase in decreasing the band of pro-caspase 3 ( Figure  6b ) is well correlated with the increase in caspase 3-like protease activity (Figure 6a ).
To examine the role of the caspase 3-like protease in X/XO-induced apoptosis and necrosis, we tested the eect of an irreversible tetrapeptide inhibitor of caspase 3, Z-DEVD-CH 2 F, on X/XO (0.025 U/ml)-induced DNA fragmentation (Figure 7 , left panel) and X/XO (0.1 U/ml)-induced cytolysis (Figure 7 , right panel). As shown, Z-DEVD-CH 2 F inhibited X/XO-induced DNA fragmentation (IC 50 =12 mM) and cytolysis (IC 50 =6.25 mM). These results indicate that the activation of the caspase 3-like protease is required for ROS-induced apoptosis and necrosis and that ROS can function upstream of the caspase 3 and caspase 3-like protease.
Cytochrome c release from mitochondria by ROS
The release of cytochrome c is considered to be the cause of caspase 3 activation in certain apoptotic pathways (Li et al., 1997) . To investigate whether ROS induced by X/XO can release cytochrome c from mitochondria, ML-1a cells were treated with X/XO for 3 h and the release of cytochrome c was investigated by Western blotting using anti-cytochrome c. As shown in Figure 8 , X/XO induced the release of cytochrome c from mitochondria in a dose dependent fashion. 
Induction of membrane blebbing by ROS in caspase-3 independent fashion
In TNF-induced apoptosis in ML-1a cells, induction of DNA fragmentation and blebbing followed a similar time course (Higuchi et al., 1995) . Blebbing induced by 0.025 U/ml XO in the presence of xanthine was observed more rapidly (15 min) than DNA fragmentation (3 h) (Figure 9 , lower left panel). Such a morphological change was not observed in the cells stimulated by 0.1 U/ml of XO where cells are dying with necrosis (data not shown). This morphological change was not inhibited by Z-DEVD-CH 2 F (Figure 9 , lower right panel). Thus, membrane blebbing induced by a low dose of XO does not require caspase 3 activation.
Discussion
Caspase family protease activation and the generation of ROS were considered key steps in the induction of cell death. In this report, we investigated the role of caspases on ROS-induced cell death. To distinguish two dierent cell death pathways, apoptosis and necrosis, several assay systems were used. To identify 4610 4 ) were incubated with 200 mM xanthine and 0.1 U/ml xanthine oxidase or 200 mM xanthine and 0.025 U/ml xanthine oxidase respectively in the presence or absence of the indicated amounts of Z-DEVD-CH 2 F for 4 h and tested for cytolysis and DNA fragmentation as described under Materials and methods Figure 8 Cytochrome c release from mitochondria by ROS. ML1a cells were incubated with or without 0.025 or 0.1 U/ml of xanthine oxidase in the presence of 200 mM xanthine for 3 h. After the cytosolic fraction was obtained, cytochrome c release from mitochondria was detected by Western blotting using anticytochrome c antibody as described under Materials and methods Figure 9 The eect of Z-DEVD-CH 2 F on ROS-induced apoptotic morphological changes. ML-1a cells were incubated with or without 200 mM xanthine plus 0.025 U/ml xanthine oxidase in the presence or absence of 50 mM Z-DEVD-CH 2 F, and morphological changes were investigated the induction of apoptosis, DNA fragmentation assay and Hoecst 33342 staining method were used. The trypan blue staining method and staining with propidium iodide were used to detect necrosis. By using these methods, we showed that a low concentration of ROS can induce apoptosis, whereas a high concentration of ROS can induce necrosis. We also showed that the caspase 3-like protease is involved in ROS-induced apoptosis and necrosis, since Z-DEVD-CH 2 F, an irreversible inhibitor of caspase 3, inhibited ROS-induced apoptosis and necrosis. Furthermore, we also showed that caspases are not involved in ROSinduced membrane blebbing.
Caspase 3, a cysteine protease, has been shown to play a critical role in Fas-mediated (Schlegel et al., 1996) , spontaneous (Nicholson et al., 1995) , and staurosporine-mediated (Jacobsen et al., 1996) apoptosis. Activation of PARP cleavable protease, such as a caspase 3-like protease, has been suggested to be activated by ROS (McGowan et al., 1996) , however, direct involvement of a caspase family protease in ROS-induced apoptosis has not been clearly de®ned. Our results indicate that X/XO activated caspase 3-like proteases (detected by¯uorogeneic assay), and also activated caspase 3 itself (identi®ed by Western blotting). We also showed that the irreversible caspase 3 inhibitor Z-DEVD-CH 2 F inhibited ROS-induced apoptosis. Although the activation of caspase 3-like protease is needed to induce apoptosis, a considerably low ratio of the activation of caspase 3 (low ratio of cleavage of pro-caspase 3) will be enough to induce apoptosis (Figure 6a,b) . However, we do not know whether the induction of apoptosis is due to caspase 3 itself or the caspase 3-like protease with similar substrate speci®city. The report by Chinnaiyan et al., (1996) supports the idea that the caspase 3-like protease but not caspase 3 itself might also be involved in apoptosis.
Recently, several reports show that the induction of necrosis is also mediated through the activation of caspase 3-like protease (Eguchi et al., 1997; Leist et al., 1997; Palomba et al., 1996) . They hypothesized that the decrease in intracellular ATP might switch apoptosis to necrosis. Up to 0.025 U/ml of XO, induction of apoptosis increased as caspase 3-like activity increases. We have shown that in the higher concentration of XO apoptosis is replaced with necrosis. A high concentration of ROS may switch apoptosis to necrosis. It is not likely in our system that a decrease in ATP is the cause of this change, because sodium azide, which inhibits ATP synthesis through the inhibition of electron¯ow at MRC complex IV, could not inhibit TNF-induced apoptosis, but ROS could (M Higuchi, unpublished results). High concentrations of ROS might abrogate the sequence between the activation of caspases and apoptosis. Furthermore, our results strongly support that caspase 3-like protease activation by ROS can induce cell death mechanisms leading to apoptosis and necrosis. We do not know whether the same caspase 3-like protease or a dierent one is involved in both of the cell death pathways.
In addition to DNA fragmentation and condensation of nuclei, induction of apoptosis can be measured by other criteria such as blebbing. Rudel and Bokoh reported that membrane blebbing is mediated through the activation of p21-activated kinase 2 (PAK 2) which is activated by caspase 3, and that PAK 2 activation is not necessary for DNA fragmentation irrespective of the activation of caspase 3 like protease (Rudel and Bokoch, 1997) . Extracellular addition of ROS could bypass the activation of caspase 3 to induce apoptotic morphological changes. Possibly, ROS might activate caspase 3-like protease and also work as a signal sequence between the PAK 2 activation and the induction of membrane blebbing in dierent cellular sites.
The principal intermediates of ROS are superoxide anion, hydrogen peroxide and hydroxyl radical. Superoxide anion is the primary ROS generated by normal cellular metabolisms, whereas hydrogen peroxide is a catalytically-derived intermediate in the conversion of superoxide anion to oxygen. Hydroxyl radical is a byproduct of both superoxide and hydrogen peroxide by the iron-catalyzed Harber-Weiss reaction. When X/XO is added extracellularly, hydrogen peroxide and superoxide is generated. Hydrogen peroxide can freely permeate cell membrane, and superoxide anion penetrates the cell membrane through anion channels (Ikebuchi et al., 1991; Lynch and Fridovich, 1978) . Extracellular addition of hydrogen peroxide could induce apoptosis and necrosis, and Z-DEVD-CH 2 F inhibited hydrogen peroxide-induced cell death (data not shown), indicating that hydrogen peroxide can induce cell death. Tsang et al. reported that hydroxyl radical can induce internucleosomal DNA fragmentation even at 48C and proposed that hydroxyl radical directly aected DNA to induce DNA fragmentation (Tsang et al., 1996) . It is still possible that direct oxidation of DNA by hydroxyl radical might synergistically work with the caspase 3-like protease to induce DNA fragmentation. Further analysis might be needed to elucidate the eector molecular species of ROS which work inside the cells.
Under oxidative stress, newly synthesized protein such as NF-kB-inducible proteins are protecting cells from undergoing apoptosis (Barinaga, 1996; Beg and Baltimore, 1996; Van Antwerp et al., 1996) . One of the NF-kB-inducible candidate proteins is MnSOD which dismutates superoxide anion to hydrogen peroxide. Extracellular addition of ROS might induce such antioxidant mechanisms, however, inhibition of newly synthesized protein could not inhibit the induction of apoptosis. This discrepancy may be caused by the dierence in the site of ROS generation. It is very likely that MnSOD might dismutate superoxide generated from the mitochondrial respiratory chains under physiological conditions, but have no eect on ROS challenge from outside of the mitochondria. ROS from both sides might damage mitochondrial outer membrane (or by other mechanisms) to release cytochrome c and activate caspase family proteases leading to apoptosis (Kluck et al., 1997; Yang et al., 1997) . We also showed that ROS can induce cytochrome c release. Since cytochrome c release activates caspase 3, it is likely that 0.025 U/ml XO in the presence of xanthine can aect mitochondria, release cytochrome c, activate caspase 3, and then induce apoptosis. Furthermore, it might be also true that 0.1 U/ml XO in the presence of xanthine can aect mitochondria, release cytochrome c, activate caspase 3, and then induce necrosis.
Several intracellular ROS generation sites have been demonstrated, however, the exact site and the ROS generation mechanism to regulate apoptosis has not yet been clari®ed. Since overexpression of MnSOD, which is localized in the mitochondria, but not CuSOD, which is localized in the cytosol, inhibited TNF-and radiation-induced apoptosis (Wong, 1995) , the mitochondria might be one of the critical sites to generate ROS. Our previous report demonstrated that mitochondrial respiratory function is critically involved in TNF, Fas-, and serum depletion-induced apoptosis, supporting this hypothesis (Higuchi et al., 1997) . The mitochondrial respiratory chain may be one of the most possible generation sites of ROS to induce apoptosis under physiological conditions. Further elucidation is required to reveal the exact role of ROS in apoptosis.
Materials and methods
Materials
RPMI 1640 medium, gentamicin, and fetal calf serum (FCS) were obtained from GIBCO (Grand Island, NY, USA), phenylmethanesulfonyl¯uoride, leupeptin, aprotinin, pepstatin, glycerol, dithiothreitol, EGTA, EDTA, Triton X-100, dimethyl sulfoxide, xanthine, xanthine oxidase, catalase, and cycloheximide were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Z-DEVD-CH 2 F was from Enzyme System. Acetyl-Tyr-Val-Ala-Aspaminomethylcoumarin, and acetyl-Asp-Glu-Val-Asp-aminomethylcoumarin were from Calbiochem (La Jolla, CA, USA).
Cell lines
Myelogenous leukemia ML-1a cells were obtained from Dr Ken Takeda (Showa University, Tokyo, Japan), and were grown in RPMI-1640 medium supplemented with 10% FCS and gentamicin (50 mg/ml) (essential medium). The cells were seeded at a density of 1610 5 cells/ml in T-25 asks (Falcon 3013, Becton Dickinson Labware, Lincoln Park, N, USA) containing 10 ml of essential medium and grown at 378C in an atmosphere of 95% air and 5% CO 2 . Cell cultures were split every 3 or 4 days.
Induction of apoptosis and necrosis
ML-1a cells are incubated with the indicated amount of xanthine oxidase in the presence of 200 mM xanthine in RPMI medium for indicated times, and assayed for following biological assays.
DNA fragmentation assay
DNA fragmentation was assayed as described previously (Higuchi et al., 1995) . Brie¯y, ML-1a cells were prelabeled with [ 3 H]TdR by incubating 2610 5 cells/ml in essential medium with 0.5 mCi/ml [ 3 H]TdR at 378C for 16 h. The cells were washed three times and resuspended in RPMI-1640 medium and plated in 96-well plates (4610 4 cells/ well, total volume 200 ml) with or without the test samples. After incubation for 180 min or the indicated times, they were lysed by the addition of 50 ml of detergent buer (10 mM Tris-HCl pH 8.0 containing 5 mM EDTA and 2.5% Triton X-100) and incubated an additional 60 min at 48C. High-speed centrifugation was performed in an Eppendorf microcentrifuge at 12 000 g for 1 min. The radioactivity in the supernatant represents DNA release into cells due to DNA fragmentation. For the total count, the cells were lysed by the addition of 50 ml of 0.5% sodium dodecyl sulfate. The percent DNA release was calculated as follows: percentage DNA fragmentation=(c.p.m. in test sample supernatant/total o.p.m.)6100. All results were determined in triplicate and expressed as mean+standard error.
Assay for cytolysis Cytolytic activity was evaluated by the trypan blue method (Higuchi et al., 1992) .
Assay for caspase 3-like and caspase 1-like protease Caspase 3-like protease activity was measured with a modi®ed method by Enari et al., (1995) . Brie¯y, after cells (1610 6 ) were incubated with test samples, cytosolic extracts were prepared by repeated freezing and thawing in 300 ml extraction buer (12.5 mM Tris, pH 7.0, 1 mM DTT, 0.125 mM EDTA, 5% Glycerol, 1 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml pepstatin, and 1 mg/ml aprotinin). Cell lysate was diluted with the buer (50 mM Tris, pH 7.0, 1 mM DTT, 0.5 mM EDTA, 20% glycerol) and incubated at 378C in the presence of 20 mM acetyl-Asp-Glu-Val-Aspaminomethylcoumarin, a caspase 3 substrate, and acetylTyr-Val-Ala-Asp-aminomethylcoumarin, a caspase 1 substrate. Fluorescent aminomethylcoumarin, a product formed, was measured at excitation 355 nM, emission 460 nM using Fluoroscan II (Labsystems, Helsinki, Finland) Activation of caspase 3 detected by Western blotting Protein gel electrophoresis was carried out using 20% polyacrylamide slab gels in the presence of 0.1% SDS. After electrophoresis, the proteins were transferred electrophoretically (15 h, 25 mA) to nitrocellulose membrane in a buer containing 25 mM Tris-HCl (pH 8.3), 192 mM glycine, and 20% (v/v) methanol. The nonspeci®c binding sites on the membrane were ®rst blocked with 5% (w/v) dried milk in 20 mM Tris-HCl (pH 8.0) containing 0.15 M NaCl and 0.1% (v/v) Tween 20 (TTBS) for 1 h at room temperature. After three washes with TTBS, the membrane was incubated with anity-puri®ed anti-caspase 3 antibody (Transduction Laboratories, Lexington, KY, USA) in a 1 : 2000 dilution in 1% (w/v) dried milk in TTBS for 1 h at room temperature. The membrane was washed three times in TTBS, and then incubated with rabbit antimouse IgG-horse radish peroxidase conjugate (DAKO, Denmark) in a 1 : 2000 dilution in 1% (w/v) dried milk in TTBS for 1 h at room temperature. The membrane was then washed four times with TTBS and stained with an enhanced chemiluminescence system (Amersham Inc., UK) according to the supplier's instructions and exposed to Xray ®lm.
Detection of cytochrome c release from mitochondria by Western blotting
After incubation of 2610 7 cells under certain condition, ML-1a cells were harvested with centrifugation at 1800 g for 10 min. After a wash with PBS, 20 ml of buer (250 mM sucrose, 12.5 mM Tris, pH 7.0, 1 mM DTT, 0.125 mM EDTA, 5% Glycerol, 1 mM PMSF, 1 mg/ml leupeptin, 1 mg/ml pepstatin, and 1 mg/ml aprotinin) was added, and cells were disrupted by douncing 50 times in a 0.3 ml Kontes douncer with the B pestle (Kontes Glass Company). Protein gel electrophoresis was carried out using 20% polyacrylamide slab gels in the presence of 0.1% SDS. After electrophoresis, the proteins were transferred electrophoretically to nitrocellulose membrane. After inhibiting the nonspeci®c binding with dried milk, the membrane was incubated with anity-puri®ed anti-cytochrome c antibody 7H8.22C12 (Pharmingen, San Diego, CA, USA). The membrane was washed three times in TTBS, and then incubated with rabbit anti-mouse IgGhorse radish peroxidase conjugate. The membrane was then stained with an enhanced chemiluminescence system (Amersham Inc., UK) according to the supplier's instructions and exposed to X-ray ®lm.
Fluorescence microscope Cells were stained 10 min with Hoechst 33342 (1 mg/ml) and propidium iodide (5 mg/ml) and usually analysed under nonconfocal¯uorescence microscope with excitation 360 nm.
Detection of hydrogen peroxide generation by X/XO Indicated amount of X/XO in PBS were incubated for 30 min at 378C, and the amount of hydrogen peroxide was detected using Amplex Red Hydrogen Peroxide Kit (A12212) (Molecular Probe, Eugine, OR, USA)
